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CURRENT  PULSING:  A  METHOD  TO  REDUCE  THE 
PRODUCTION  OF  MHD  ELECTRODE  BUBBLES 


1.  INTRODUCTION 


Using  magnetohydrodynamics  (MHD)  to  control  flow  for  undersea  vehicles  that  operate  in 
an  electrically  conducting  medium  has  shown  great  potential  (Henoch  and  Stace  (1995),  Meng, 
(1995)).  When  an  electric  field  and  a  magnetic  field  interact,  a  Lorentz  force  is  produced.  The 
magnitude  and  direction  of  the  force  is  proportional  to  the  cross  product  of  the  current  and 
magnetic  field.  If  a  magnetic  field  is  appropriately  produced  and  the  current  passes  through  a 
conducting  fluid  medium,  such  as  salt  water,  a  body  force  acts  on  the  fluid  itself  This  physical 
phenomenon  has  the  potential  to  control  the  flow.  Nosenchuck  and  Brown  (1995)  proposed 
methods  to  use  MHD  to  control  boundary-layer  turbulence,  thus  reducing  the  drag  on  a  moving 
vehicle.  Henoch  (1992)  and  Henoch  et  al.  (1995)  have  reported  some  quantitative  and  qualitative 
data  regarding  the  effects  of  MHD  forces  on  a  turbulent-boundary  layer.  Meng  (1995)  proposed 
a  control  system  methodology  that  utilizes  MHD  to  manipulate  the  flow  in  a  turbulent  boundary 
and  thus  reduce  drag. 

Much  of  the  debate  that  continues  on  using  MHD  to  reduce  turbulent  drag  can  be  attributed 
to  the  problems  of  collecting  and  analyzing  reliable  test  data.  Two  of  the  most  widely  accepted 
flow  measurement  techniques,  hot-film  and  laser  Doppler  velocimetry,  have  problems  in  sea  water 
MHD  flows.  These  problems  stem  from  the  undesired  production  of  bubbles  at  the  MHD 
electrodes.  Standard  hot-film  probes  encounter  difficulties  with  bubble  formation  on  the  surface 
of  the  hot-film,  especially  in  the  wake  of  the  bubble-producing  anode  and  cathode  elements.  In 
laser  Doppler  velocimetry,  the  bubbles  act  as  seed  particles,  thus  producing  erroneous  results. 
These  bubble  formations,  which  consist  of  gases,  have  substantially  different  heat-transfer 
characteristics  than  a  liquid  (sea  water).  Because  the  probes  are  no  longer  in  direct  contact  with 
the  sea  water,  they  cannot  measure  the  proper  heat  transfer  and  the  resulting  velocity  fluctuations 
in  the  flow.  Diminished  velocity  fluctuations  could  be  mistaken  for  turbulent  drag  reduction. 

Bubbles  are  formed  on  the  electrodes  because  of  electrolysis.  The  primary  chemical 
components  of  sea  water  are  water  (HjO)  and  salts,  predominantly  sodium  chloride  (NaCl).  The 
water  breaks  the  electrostatic  bonds,  causing  the  salts  to  ionize  thus  making  the  fluid  electrically 
conductive.  When  an  electric  current  passes  through  the  salt  water,  a  chemical  reaction  occurs 
(Hildebrand  and  Powell,  1952).  At  the  cathode  (negative  terminal),  electrons  enter  the  water 
resulting  in  a  chemical  reaction  that  causes  disassociation  of  the  water  molecule  to  produce 
hydrogen  gas.  At  the  anode  (positive  terminal),  electrons  leave  the  conducting  medium  resulting 
in  a  chemical  reaction  that  produces  chlorine.  Previous  research  conducted  at  Princeton 
University  by  Nosenchuck  (1995)  suggests  that  pulsing  the  current  to  the  electrodes  in  the  form 
of  a  square  wave  with  reversing  polarity  delayed  bubble  formation  to  higher  voltages.  The 
purpose  of  the  pulsing,  however,  was  to  control  the  Lorentz  force.  Reduced  bubble  production 
was  a  desirable  consequence.  Physically,  bubble  production  is  thought  to  be  delayed  because  a 
finite  time  is  required  to  disassociate  the  molecules  into  gaseous  form  and  accumulate  sufficient 
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mass  to  form  gas  bubbles.  The  extent  to  which  pulsing  is  effective  in  terms  of  controlling  and 
reducing  bubble  production  has  not  been  quantified. 

This  report  summarizes  experiments  conducted  to  quantify  the  formation  of  bubbles  on 
MHD  electrodes.  Cyclical  square-wave  pulsing  of  the  electrodes  at  differing  frequencies  and  duty 
cycles  was  accomplished  using  a  controller.  Four  different  solutions  of  differing  compositions  and 
conductivity  were  examined  to  gauge  this  effect.  To  quantify  the  bubble-production  processes,  a 
closeup  video  camera  that  provided  150x  magnification  was  used.  A  threshold  voltage  was  then 
defined  as  the  point  at  which  gas  bubbles  were  observed  on  the  electrode  surface.  Threshold 
voltage  was  then  examined  as  a  function  of  time  for  the  four  conducting  solutions  examined. 
Finally,  actual  effects  of  bubble  formation  over  operating  hot-film  probes  were  visually  examined 
to  demonstrate  the  effects  of  the  bubble  production  on  hot-film  performance. 
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2.  EXPERIMENTAL  METHODS 


A  40-gallon  aquarium  (figure  1)  was  filled  with  100  liters  of  tap  water.  Table  salt  (100- 
percent  NaCl)  was  added  to  produce  two  saline  solutions  of  1.5  percent  and  3.5  percent.  In 
addition,  a  0.4-percent  sodium  hydroxide  (NaOH)  solution  was  prepared.  NaOH  was  examined 
because  MHD  experiments  conducted  by  McDonnell  Douglas  Technologies  Incorporated 
(MDTI)  used  0.4-percent  NaOH  as  the  conducting  fluid.  The  NaOH  also  provided  an  additional 
conducting  fluid  with  which  to  compare.  To  provide  a  basis  for  comparative  results,  bubble 
experiments  were  conducted  in  sea  water.  The  sea  water  was  taken  from  Narragansett  Bay  and 
was  found  to  have  a  total  solids  of  0.033 19  g/ml.  Conductivity  levels  for  each  solution  were 
tested,  the  results  of  which  are  listed  in  table  1 .  The  conductivity  was  measured  with  a  YSI 
Model  35  conductance  meter  calibrated  with  a  100,000-microsiemens/cm  conductivity  standard 
and  is  reported  to  ±0. 1  millimho.  As  can  be  seen,  the  3.5-percent  NaCl  solution  had  the  highest 
conductivity.  The  1 .5-percent  NaCl  solution  and  0.4-percent  NaOH  solution  have  roughly 
equivalent  conductivities.  The  sea  water  conductivity  is  approximately  20  percent  less  than  the 
3.5-percent  NaCl  solution. 


Figure  la.  Experimental  Setup 


MAGNETS 


Figure  lb.  MHD  Element 


Table  1.  Conductivity  Levels  for  Various  Solutions 


Conducting  Fluid 

Conductivity 

(millimho) 

Temperature  (°C) 

Sea  water 

42.4 

22.32 

0.4%NaOH 

18.6 

22.25 

1.5%NaCl 

24.97 

22.20 

3.5%NaCl 

50.8 

21.86 

A  single  MHD  element  consisting  of  two  magnets  and  two  electrodes  (figure  1(b))  was  then 
placed  in  the  aquarium  and  was  held  in  place  by  a  stainless  steel  support.  Because  the  support 
was  electrically  conductive,  a  thin  layer  of  plastic  was  used  to  insulate  the  support  from  the  MHD 
element.  The  MHD  element  was  constructed  on  a  10.8-cm  x  12.7-cm  x  3.2-nim  thick  plastic 
base.  Two  strip  magnets  were  placed  along  the  entire  length  of  the  plastic  base  with  one  strip 
aligned  north  and  the  other  south.  The  electrodes  were  constructed  of  2.86-cm  x  1.27-cm  x  1.6- 
mm  thick  dimensionally  stable  anodes  (DSA).  The  DSAs  were  made  of  titanium  and  coated  with 
a  rare-earth  oxide  to  prevent  corrosion.  The  electrodes  were  then  placed  between  the  two  magnet 
strips.  The  anode  and  cathode  were  separated  by  a  1 .27-cm^  piece  of  plastic. 

Investigation  of  bubble  formation  was  conducted  for  both  steady  and  pulsing  test  cases.  A 
1000-W  Hewlett  Packard  power  supply  was  used  to  provide  voltage  to  the  MHD  element.  The 
power  supply  was  connected  to  a  controller,  which  converted  the  constant  voltage  into  a  bipolar 
square  wave.  It  was  possible  to  adjust  the  fi'equency  of  the  square  wave  from  2  Hz  to  500  Hz  and 
adjust  the  duty  cycle  from  25  percent  to  50  percent.  Duty  cycle  was  defined  as  the  time  of 
positive  voltage  relative  to  the  entire  period.  For  a  standard  bipolar  square  wave,  therefore,  duty 
cycle  is  50  percent  because  50  percent  of  the  time  the  voltage  is  positive  and  50  percent  of  the 
time,  it  is  negative.  For  duty  cycles  less  than  50  percent,  there  will  be  times  when  there  is  zero- 
voltage.  The  time  of  zero-voltage  will  be  50  percent  minus  the  duty  cycle.  Therefore,  for  a 
square  wave  where  the  voltage  is  25  percent  positive,  25  percent  off,  25  percent  negative,  and  25 
percent  off,  the  duty  cycle  is  25  percent.  Square  wave  signals  for  25-percent  and  50-percent  duty 
cycles  were  used  to  provide  the  voltage  variations  in  the  current  experiments.  These  square 
waves  are  shown  in  figure  2. 


2S-PERCENT  DUTY  50-PERCENT  DUTY  CYCLE 


Figure  2.  Square-  Wave  Signals  for  25-Percent  and  5  0-Percent  Duty  Cycle 
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Results  of  bubble  formation  on  the  surface  of  the  MHD  electrode  were  documented  using  a 
standard  very  high  speed  (VHS)  video  camera/recorder.  Closeup  views  (1 50x  magnification)  of 
the  upper  electrode  (negatively  charged  for  positive  input  signal)  were  studied  for  evidence  of 
initial  bubble  production.  At  a  certain  voltage,  bubbles  formed  directly  and  were  carried  upward 
by  the  buoyancy  effects;  that  point  was  defined  as  the  bubble-initiation  voltage.  Initial 
experiments  showed  that  the  point  where  the  anode  is  closest  to  the  cathode  is  the  region  of 
greatest  bubble  production.  This  observation  is  consistent  with  calculations  showing  that  the 
strongest  electrical  fields  are  found  at  this  point.  Several  tests  were  conducted  for  sea  water  for 
the  steady  state  case  to  approximate  the  inherent  error  in  judging  the  threshold  voltage.  For  10 
tests,  data  were  found  to  be  consistent  to  within  5  percent  of  the  actual  voltage.  Therefore,  the 
experimental  error  in  determining  the  bubble  threshold  voltage  was  approximated  at  5  percent  of 
the  measured  voltage. 

After  the  examination  of  bubble  production  by  the  MHD  element  was  completed,  the  effects 
of  bubble  production  on  a  single  element,  hot-film  probe  was  investigated.  A  1/8-inch  pilot  hole 
was  drilled  just  above  the  MHD  element  to  attach  the  hot-film  probe  (model  1237-W,  constructed 
of  1/8-inch  diameter  stainless  steel,  manufactured  by  TSI  Inc  ).  A  thin  plastic  tube  was  then 
inserted  and  wires  leading  to  each  side  of  the  film  attached.  The  film  itself  was  made  of  1 .02-mm 
X  0. 17-mm  platinum  and  coated  with  quartz  crystal  to  electrically  insulate  it  from  the  conducting 
fluid.  The  MHD  element  was  located  proximal  to  the  hot-film  and  operated  at  5.0-V  steady-state 
potential,  which  was  found  to  produce  a  sufficiently  dense  bubble  stream  that  could  advect  over 
the  hot-film  probe.  A  pump/hose  attachment  was  used  to  generate  a  localized  velocity  field. 
Figure  3  shows  pictures  of  the  three  different  pump  positions  that  were  used. 

In  position  1  (figure  3(a)),  the  hose  was  placed  to  provide  a  local  cross-flow  velocity  that 
was  normal  to  the  bubble  stream  over  the  hot-film  probe.  Significant  bubble  production  was  seen 
at  both  electrodes,  with  the  thickest  concentration  of  bubbles  coming  off  the  cathode.  These 
bubbles  were  hydrogen  bubbles  and  appear  to  have  a  bubble  density  larger  than  that  of  chlorine 
gas.  The  bubbles  then  advected  upward  because  of  the  buoyancy  effects  and  were  then  deflected 
by  the  cross-flow.  With  no  flow,  buoyancy  effects  caused  the  bubbles  produced  by  the  MHD 
element  to  advect  directly  over  the  hot-film  probe.  In  position  2  (figure  3(b)),  the  cross-flow  jet 
was  placed  immediately  below  the  hot-film  probe  causing  the  bubble  stream  to  be  deflected  away 
from  the  hot-film  probe;  no  bubbles  were  allowed  to  advect  over  the  hot-film  probe.  This 
position  was  used  to  isolate  the  probe  from  the  bubble  stream.  Any  effects  produced  by  the 
electromagnetic  fields  remained.  In  position  3  (figure  3(c)),  the  hose  was  placed  upstream  of  the 
MHD  element  causing  the  hydrogen  bubble  stream  to  advect  over  the  probe.  This  position  was 
used  to  more  closely  simulate  actual  experimental  conditions.  These  bubbles  were  difficult  to  see 
because  of  their  smaller  size.  The  presence  of  the  jet  appeared  to  cause  the  bubbles  to  break  up 
and  form  smaller  bubbles.  Buoyancy  effects  caused  the  bubbles  to  rise  slightly,  but  a  steady 
stream  of  bubbles  was  still  advected  over  the  hot-film. 

The  velocities  of  the  bubbles  could  be  increased  as  they  advected  over  the  hot-film  probe. 

In  all  three  cases,  pump  settings  of  0,  20,  25,  and  30  were  used  corresponding  to  flow  velocities 
on  the  order  of  0,  0.5,  2,  and  4  ft/sec.  Results  of  bubble  formation  on  the  probe  were  documented 
using  a  standard  VHS  video  camera/recorder.  Hot-film  signals  were  noted,  but  not  collected. 
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Figure  3b.  Pump  Position  2 
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Figure  3c.  Pump  Position  3 
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Reverse  Blank 


3.  RESULTS 


3.1  BUBBLE  FORMATION 

To  determine  the  bubble-formation  threshold  voltages  (Vthresh)  for  both  static  and  pulsing 
electric  current  through  the  MHD  element,  a  qualitative  examination  of  videos  was  conducted. 
Vthresh  was  previously  defined  in  terms  of  bubble  initiation  of  the  MHD  element.  Table  2  shows 
the  bubble-threshold  voltages  for  steady-state  current  for  the  four  electrically  conducting  fluids 
examined.  As  can  be  seen,  steady  state  threshold  voltage  is  roughly  equivalent  for  the  1 .5-percent 
and  3 .5-percent  NaCl  solution  and  the  sea  water.  The  threshold  voltage  was  noticeably  lower  for 
the  0.4-percent  NaOH  solution  (1 .97  V)  even  though  the  fluid  conductivity  was  lower.  To 
demonstrate  a  relative  scale,  all  pulsed  Vthresh  data  were  normalized  by  the  steady-state  value  of 
threshold  voltage  for  sea  water  (2.34  V). 


Table  2.  Bubble-Threshold  Voltages  for  Steady-State  Current 


Conducting  Fluid 

Vthresh  (Volts) 

Sea  water 

2.34 

0.4%  NaOH 

1.97 

1.5%  NaCl 

2.40 

3.5%  NaCl 

2.20 

Figure  4  shows  bubble-threshold  voltage  plotted  as  a  function  of  pulsing  frequency  for  a  25- 
percent  and  50-percent  duty  cycle.  In  general,  two  trends  can  be  seen:  (1)  threshold  voltage  is 
significantly  less  for  the  50-percent  duty  cycle  than  it  is  for  the  25-percent  duty  cycle  (this 
threshold  voltage,however,  is  not  exactly  half )  and  (2)  bubble-threshold  voltage  appears  to 
increase  logarithmically  with  fi'equency, which  can  be  demonstrated  by  plotting  the  data  in  log 
fashion  (figure  5)  where  a  definite  linear  relationship  between  Vthresh  and  pulsing  frequency 
appears. 

Figure  6  shows  bubble-threshold  voltages  for  the  1 .5-percent  NaCl  solution  test  case.  Data 
are  plotted  in  normal  fashion  to  demonstrate  diminished  Vthresh  for  the  50-percent  duty  cycle  and 
the  logarithmic  relationship  between  Vthresh  and  pulsing  frequency.  The  data  appear  much  less 
“smooth”  compared  with  data  for  sea  water.  For  the  25-percent  duty  cycle  case,  small  peaks  in 
the  data  appear  at  32  Hz  and  166  Hz;  for  the  50-percent  duty  cycle  case,  they  appear  at  100  Hz. 
These  “jumps”  in  the  data  could  be  related  to  the  overall  experimental  error  and  the  fact  that  a 
qualitative  basis  was  used  to  estimate  the  bubble-threshold  voltage. 

Figure  7  shows  the  data  for  the  3.5-percent  NaCl  test  case  in  which  there  is  not  as  great  a 
difference  in  the  threshold  voltages  between  the  25-percent  and  50-percent  duty  cycles.  At 
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Figure  4.  Sea  Water  Test  Case:  Delayed  Bubble  Formation 
Attributed  to  MHD  Pulsing  (Plotted  as  a  Function  of  Pulsing  Frequency) 
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Figure  5.  Sea  Water  Test  Case:  Delayed  Bubble  Formation 
Attributed  to  MHD  Pulsing  (Plotted  on  a  Logarithmic  Scale) 
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BUBBLE-FORMATION  VOLTAGEA/0 


Figure  6.  1.5-Percent  NaCl  Solution  Test  Case:  Delayed  Bubble 
Formation  Attributed  to  MHD  Pulsing  (Plotted  as  a  Function  of  Pulsing  Frequency) 
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Figure?.  3.5-Percent  NaCl  Solution  Test  Case:  Delayed  Bubble 
Formation  Attributed  to  MHD  Pulsing  (Plotted  as  a  Function  of  Pulsing  Frequency) 
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500  Hz,  the  difference  is  only  1.5.  Although  the  relationship  between  Vthresh  and  pulsing 
frequency  appears  logarithmic,  the  threshold  voltages  are  significantly  less  compared  Avith  the 
other  test  cases. 

Figure  8  shows  the  data  for  the  0.4-percent  NaOH  test  case.  Threshold  voltages  appear  less 
for  the  50-percent  duty  cycle  than  they  do  for  the  25-percent  duty  cycle.  The  magnitude  of  these 
differences  appears  less  compared  with  the  sea  water  and  1.5-percent  NaCl  cases.  At  500  Hz,  the 
difference  in  Vthresh  between  25-percent  and  50-percent  duty  cycle  is  4.7  and  9.7  for  sea  water 
and  1.5-percent  NaCl  respectively.  For  0.4-percent  NaOH,  the  difference  is  only  3.2.  Below  50 
Hz,  there  still  appears  to  be  a  logarithmic  relationship  between  Vthresh  and  pulsing  frequency. 

For  the  higher  frequencies,  the  relationship  appears  to  be  linear  although  that  appearance  could  be 
the  result  of  experimental  error. 

To  provide  comparisons  between  the  data,  figure  9  shows  bubble  formation  voltage  as  a 
function  of  pulsing  frequency  for  the  25-percent  duty  cycle  test  case.  Specific  test  cases  from 
MHD  flat-plate  experiments  are  plotted  to  provide  a  reference.  These  reference  data  collected  by 
MDTI  were  plotted  to  demonstrate  actual  tests  conducted  and  to  show  whether  these  test  cases 
might  generate  bubbles.  As  wll  be  shown  later,  bubble  production  has  significant  effects  on  hot- 
film  performance.  Possible  bubble  production  must,  therefore,  be  considered  when  interpreting 
MDTI’s  test  results.  As  shown  in  figure  9,  the  threshold  voltage  for  the  3. 5 -percent  NaCl  test 
case  is  considerably  lower  than  that  for  the  other  tests.  Threshold  voltage  values  for  frequencies 
above  50  Hz  are  approximately  one-half  compared  with  the  other  tests  cases.  The  sea  water,  1.5- 
percent  NaCl  and  NaOH  cases  seem  roughly  equivalent.  At  frequencies  below  100  Hz,  Vthresh 
for  the  1.5-percent  NaCl  solution  is  consistently  higher  than  the  Vthresh  for  the  NaOH  and  sea 
water  solutions,  which  are  indistinguishable.  From  166  Hz  to  500  Hz,  Vthresh  for  the  1.5-percent 
NaCl  solution  remains  highest.  Vthresh  for  the  sea  water  diminishes,  so  it  is  approximately  20 
percent  less  at  500  Hz  compared  with  the  NaOH  solution. 


Figure  8.  0.4-Percent  NaOH  Solution  Test  Case:  Delayed  Bubble  Formation 
Attributed  to  MHD  Pulsing  (Plotted  as  a  Function  of  Pulsing  Frequency) 
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—O— Seawater  — D—  NaCI  (3.5%)  —A—  NaCI  (1.5%)  —X—  NaOH  (0.4%)  •  MDTI  Data 


Figure  9.  Relative  Bubble-Threshold  Voltage  as  a 
Function  of  Pulsing  Frequency  at  25-Percent  Duty  Cycle 


Figure  10  shows  bubble-formation  voltages  for  the  50-percent  duty  cycle  test  case.  The 
3.5-percent  NaCI  solution  again  demonstrated  the  lowest  threshold  voltages.  The  threshold 
voltages  in  the  sea  water  case  appear  to  be  consistently  halfway  between  those  in  the  3.5-percent 
NaCI,  the  1.5-percent  NaCI,  and  the  0.4-percent  NaOH  test  cases.  Vthresh  for  the  3.5-percent 
NaCI  solution  are  again  considerably  less  compared  with  the  other  solutions.  Threshold  voltages 
for  the  1.5-percent  NaCI  and  0.4-percent  NaOH  test  cases  are  largest,  with  the  threshold  voltages 
for  the  1 .5-percent  NaCI  solution  consistently  10  percent  greater  than  those  of  the  NaOH 
solution. 

The  ratio  between  the  threshold  voltages  between  50-percent  relative  to  25-percent  duty 
cycle  is  plotted  in  figure  1 1  as  a  function  of  pulsing  frequency  for  the  four  conducting  fluids  that 
were  examined.  The  ratios  for  the  sea  water  are  initially  between  0.75  and  0.8  and  then  decrease 
to  values  between  0.6  and  0.7  as  pulsing  frequency  is  increased.  The  ratios  for  3.5-percent  NaCI 
solution  remain  considerably  higher  with  values  fluctuating  between  0.85  and  0.95  across  all 
pulsing  frequencies.  Only  at  500  Hz  does  the  ratio  decrease  below  0.8.  Conversely,  the  ratios  for 
the  1.5-percent  NaCI  solution  are  initially  at  0.8,  but  decrease  rapidly  to  values  around  0.5.  At 
f  =  500  Hz,  the  ratio  decreases  to  0.4.  The  ratios  for  the  NaOH  solution  are  initially  0.66.  As 
frequency  increases,  the  ratio  increases  to  0.77  at  32  Hz  and  then  drops  off  to  0.678  at  250  Hz. 

At  500  Hz,  the  ratio  increases  to  0.8. 
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VOLTAGE  RATIO  (V60A/25)  BUBBLE-FORMATION  VOLT AGE  A/0 


PULSING  FREQUENCY 

-O— Seawater  -O-  NaCI  (3.5%)  -A-NaCI  (1.5%)  — X— NaOH  (0.4%)  •  MDTI  Data 

Figure  10.  Relative  Bubble-Threshold  Voltage  as  a 
Function  of  Pulsing  Frequency  at  50-Percent  Duty  Cycle 
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-O— Seawater  —D— NaCI  (3.5%)  —A— NaCI  (1.5%)  —X— NaOH  (0.4%) 


Figure  11.  Ratio  of  Bubble-Threshold  Voltages  at  50-Percent  Duty  Cycle  Relative  to 
25-Percent  Duty  Cycle  (Plotted  as  a  Function  of  Pulsing  Frequency) 


To  test  the  logarithmic  relationship  between  frequency  and  bubble-formation  threshold 
voltage,  a  linear  regression  analysis  was  performed  relating  the  log  of  the  frequency  and  the  log  of 
the  bubble-threshold  voltage.  The  formula  relating  bubble-threshold  voltage  with  frequency  is 
then  log  (Vthresh)  =  aXogf  +  b.  Log-based  coefiBcients,  a,  and  intercepts,  h,  obtained  from  the 
logarithmic  regression  analysis  along  with  the  standard  error  in  a  are  listed  in  table  3.  A  total  of 
10  frequencies  were  used  in  the  logarithmic  regression.  The  sea  water  test  case  shows  the 
smallest  relative  standard  error  on  the  order  of  2.25  percent.  Average  relative  standard  errors  for 
0.4-percent  NaOH,  1.5-percent  NaCl,  and  3.5-percent  NaCl  solutions  are  3.4  percent,  4.6 
percent,  and  5.6  percent  respectively. 


Table  3.  Logarithmic  Regression  Analysis 


Sea  Water 

0.4%  NaOH 

1.5%  NaCl 

3.5%  NaCl 

25% 

0.379  (±0.008) 
+0.094 

0.403  (±0.012) 
+0.062 

0.358  (±0.010) 
0.358 

0.246  (±0.016) 
+0.062 

50% 

0.329  (±0.008) 
+0.0025 

0.411  (±0.014) 
-0.098 

0.252  (±0.016) 
+0.134 

0.230  (±0.011) 
+0.039 

3.2  HOT-FILM  STUDIES 

To  determine  the  impact  of  bubble  formation  on  the  hot-film  probes,  a  hot-film  probe  was 
situated  proximal  to  the  MHD  element.  The  goal  of  the  study  was  to  determine  whether  the 
electromagnetic  fields  produced  by  the  MHD  element  caused  bubbles  to  form  on  the  hot-film  or 
whether  the  gas  produced  by  the  bubbly  wake  caused  bubbles  to  form  on  the  surface  of  the  hot- 
film  probe.  A  localized  jet  was  placed  to  produce  a  flow  proximal  to  the  hot-film  and  was 
situated  to  test  the  two  hypotheses.  In  positions  1  and  3,  the  jet  caused  the  bubble  stream  to 
advect  over  the  hot-film.  In  position  2,  the  jet  was  placed  to  deflect  the  bubble  stream  so  the  only 
influence  on  the  hot-film  would  be  the  electromagnetic  field. 

Figure  12  shows  the  surface  of  the  hot-film  probe  (position  1).  There  was  no  external  flow; 
buoyancy  was  the  only  factor  influencing  the  advection  of  the  bubbles  over  the  probe.  As  shown, 
very  large  bubbles  accumulated  on  the  surface  of  the  film  and  appeared  to  cover  the  entire  probe 
surface.  These  bubbles  generally  remained  attached  to  the  surface  of  the  probe.  Occasionally,  an 
advecting  bubble  would  “knock”  one  of  the  bubbles  off,  but  another  bubble  immediately  replaced 
it.  Because  the  surface  of  the  hot-film  was  not  entirely  smooth,  surface-tension  effects  may  have 
played  a  role. 

A  cross-flow  velocity  was  then  added.  The  bubbles  then  advected  close  to  the  probe,  and 
an  added  cross-flow  advected  them  in  a  direction  perpendicular  to  the  natural  upward  velocity 
attributed  to  buoyancy.  Figure  13  shows  the  hot-film  probe  in  position  1  with  the  added  cross- 
flow  at  the  lower  velocity  (approximately  0.5  ft/sec).  As  shown,  the  entire  surface  of  the  hot-film 
was  covered  by  bubbles.  Photographs  were  not  taken  for  the  highest  cross-flow  velocity 
(approximately  3  fl/sec)  as  the  bubbles  did  not  clearly  show  up  in  the  photographs  obtained  from 
the  video  tapes.  When  the  bubble  size  was  analyzed  directly  from  the  video,  it  was  observed  that 
their  size  was  considerably  smaller  than  the  bubbles  with  no  jet  flows.  Although  these  bubbles 
were  smaller,  they  still  covered  a  significant  portion  ofthe  surface. 
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The  localized  jet  was  then  placed  in  position  2  to  deflect  the  bubble  stream  away  from  the 
hot-film  probe.  There  was  no  sign  of  bubble  formation  on  the  surface  of  the  hot-film.  Monitored 
hot-film  signals  (using  an  oscilloscope)  showed  significant  fluctuations  in  output  voltage, 
suggesting  the  frequency  response  of  the  hot-film  probes  remained  intact.  When  the  localized  jet 
was  placed  in  position  1,  significant  fluctuations  in  bridge  voltage  were  observed  when  the  MHD 
element  was  turned  off  and  no  bubbles  were  produced.  As  the  MHD  element  was  turned  on  and 
bubbles  began  to  form  on  the  surface  of  the  hot-film,  little,  if  any,  bridge  voltage  fluctuations  were 
observed.  This  result  suggested  that  the  hot-film  lost  its  frequency  response. 

Because  it  was  possible  that  surface-tension  effects  were  not  entirely  eliminated,  the  cross- 
flow  jet  was  placed  in  position  3.  This  position  resulted  in  the  bubble  stream  being  blown  over 
the  hot-film  probe.  In  addition,  it  was  found  that  the  wake  of  the  jet  contained  bubbles  that  were 
significantly  smaller  than  those  produced  in  position  1 .  Figure  14  shows  the  hot-film  probe  in 
position  3  with  the  added  cross-flow  at  the  lowest  velocity.  Bubbles  completely  covered  the 
surface.  The  size  of  these  bubbles  is  smaller  than  the  size  of  those  of  position  1  and  the  low-speed 
flow  case.  The  video  was  analyzed  directly  for  the  high  speed.  Of  all  test  cases  examined,  the 
bubble  size  was  the  smallest  and,  as  a  percentage,  the  area  occupied  by  bubbles  was  considerably 
smaller  than  in  other  test  cases.  Even  though  the  surface  of  the  film  was  covered  by  less  bubbles, 
the  actual  output  signal  of  the  hot-film  continued  to  show  diminished  frequency  response 
compared  with  the  no-bubble  case. 


Figure  14.  Surface  of  the  Hot-Film  Probe  for 
Position  3  and  Pump  Setting-20 
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The  size  of  bubbles  that  formed  on  the  hot-film  was  measured  directly  from  the  video 
screen.  The  known  size  of  the  hot-film  provided  a  reference  length  so  the  bubble  size  could  more 
accurately  be  computed.  Throughout  the  test,  20  bubbles  were  measured,  for  which  averages 
were  computed  (see  table  4).  With  no  flow,  the  largest  bubbles  formed  when  the  hot-film  was  in 
position  1 .  No  bubbles  formed  on  the  hot-film  in  the  position  2  setup  (the  bubble  stream  did  not 
advect  over  the  hot-film).  For  equivalent  pump  settings,  bubbles  that  formed  on  the  hot-film  in 
position  Iwere  larger  than  those  formed  in  position  2. 

Table  4.  Computed  Average  Bubble  Size 


Pump  Setting 

Bubble  Size  (microns) 

Position  1 

Position  3 

Average 

Range 

Average 

Range 

0 

302 

170-600 

no  bubbles 

20 

206 

100-300 

100 

50-150 

25 

131 

50-250 

20 

10-30 

30 

67 

40-150 

10 

5-15 
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4.  DISCUSSION 


The  experiments  conducted  in  this  study  were  intended  to  quantify  the  limits  of  bubble 
production  by  MHD  electrodes  in  different  conducting  media  and  the  performance  of  hot-film 
anemometers  in  salt  water  MHD  flows.  A  magnified  video  image  was  displayed  on  a  monitor, 
and  bubble  initiation  was  observed  for  both  static  and  pulsed  current  through  the  electrodes. 

Every  effort  was  made  to  be  consistent  when  judging  the  initiation  of  the  bubbles.  Because  of  the 
inherent  subjective  nature  of  using  a  visual  quantifier,  there  was  a  probable  5-percent  uncertainty 
in  determining  the  threshold  voltages.  The  data  and  subsequent  observations  presented  in  this 
report  are  intended  to  demonstrate  specific  trends  and  rough  guidelines  regarding  bubble  initiation 
and  formation.  Improved  methods  to  more  accurately  quantify  the  nature  and  extent  of  bubble 
initiation  and  production  can  probably  be  made  in  the  future. 

Inorganic  salts  (whether  NaCl,  NaOH,  or  the  many  constituents  of  sea  water)  are  the  media 
that  make  water  conductive.  When  NaCl  is  added  to  water,  the  electrostatic  bond  between  the 
sodium  and  chlorine  is  broken  leaving  positive  sodium  ions  and  negative  chlorine  ions  (see 
Hildebrand  and  Powell,  1952).  These  ions  allow  for  a  current  path  as  the  electrons  leave  the 
cathode  and  enter  the  anode  thus  establishing  a  current.  Because  of  its  chemical  composition, 
NaCl  is  classified  as  a  strong  electrolyte,  and  the  conductivity  varies  according  to  the 
concentration  of  NaCl  in  the  water.  In  general,  salts  are  highly  ionic  when  in  solution.  For  very 
dilute  solutions,  the  constituent  ions  are  far  apart  and  do  not  influence  each  other.  As  the 
concentration  increases,  however,  electrostatic  attraction  between  the  oppositely  charged  ions 
restricts  the  independence  of  individual  ions  and  prevents  the  ions  from  exerting  their  full  effect  in 
terms  of  conducting  the  current.  Consequently,  the  ions  suffer  an  electrostatic  drag  effect  as  they 
move  in  opposite  directions  while  conducting  current.  This  phenomenon  suggests  a  saturation  for 
salt  in  terms  of  electrical  conductivity  and  may  be  examined  in  future  studies. 

Bubbles  are  formed  as  electrons  enter  the  fluid  and  react  with  hydrogen  ions  and  chlorine 
ions  to  form  their  respective  gases.  The  actual  current  path  is  established  by  the  ions  present  in 
NaCl  (or  NaOH).  A  minimum  voltage,  however,  is  required  to  establish  the  current  path.  This 
minimum  voltage  arises  from  the  aligning  of  the  water  molecules  along  the  electric  field  lines.  By 
aligning  the  water  molecules  along  the  electric  field  lines,  the  current  is  effectively  canceled  from 
the  reversed  polarity.  The  magnitude  of  this  voltage  has  been  estimated  at  1 .3  V  to  overcome  this 
effect.  As  the  voltage  is  increased,  the  electric  field  becomes  stronger  and  the  movement  of  the 
water  and  salt  ions  is  restricted.  Additional  electrons  enter  the  fluid  as  current  is  increased. 
Electrons  enter  the  solution  at  the  cathode  and  rupture  the  hydrogen  bonds  of  the  water  (see 
Home,  1969).  Gaseous  hydrogen  is  produced  according  to  ET  +  e“  =  H  followed  by  2H  =  H2. 
Electrons  leave  the  solution  at  the  anode,  producing  the  reaction  CF  =  Cl  +  e~  followed  by  a 
combination  of  two  chlorine  atoms  to  form  CI2  (see  Hildebrand  and  Powell,  1959).  Similarly, 
hydrogen  and  oxygen  gases  are  formed  as  free  electrons  react  with  the  OH*  chain  in  NaOH. 

It  was  demonstrated  that  bubble  threshold  voltage  varied  logarithmically  as  a  function  of 
pulsing  frequency.  Maximum  relative  standard  errors  were  below  6  percent  for  all  the  various 
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conducting  fluids  as  well  as  the  duty  cycles  examined.  An  increase  in  duty  cycle  resulted  in  a 
decreased  bubble-threshold  voltage.  One  explanation  for  this  trend  is  that,  for  the  25-percent 
duty  cycle,  power  was  cut  off  to  the  electrodes  for  half  the  period,  which,  by  definition,  results  in 
a  reduction  in  RMS  voltage  by  30  percent.  The  ratio  between  the  voltages  for  50-percent  relative 
and  25-percent  duty  cycle  was  expected  to  be  0.7.  For  most  cases,  the  ratio  was  significantly 
different  from  0.7  as  demonstrated  in  figure  12.  Only  for  sea  water  and  the  0.4-percent  NaOH 
solution  did  the  ratios  remain  close  to  0.7.  For  the  3.5-percent  NaCl  solution,  the  ratio  was  much 
higher  (on  the  order  of  0.9),  indicating  a  decrease  in  the  voltage  was  required  to  generate  bubbles. 
Alternatively,  the  1.5-percent  NaCl  solution  showed  ratios  on  the  order  of  0.55,  indicating  an 
increase  in  voltage  was  required  to  generate  bubbles.  The  presence  of  heavy  metals  in  the  tap 
water  altering  the  conductivity  of  the  solutions  was  considered  as  an  explanation.  The  ratios, 
however,  were  not  consistently  above  or  below  0.7  for  all  solutions.  It  is  possible  that  the  relative 
chemical  concentrations  of  NaCl  changed  the  fundamental  processes  as  chlorine  and  hydrogen 
gases  were  produced. 

Physically,  sea  water  contains  many  constituents  in  addition  to  NaCl.  Lin  et  al  (1991) 
provides  a  listing  of  some  of  the  constituent  chemical  components  of  sea  water.  NaCl  makes  up 
more  than  90  percent  of  the  total  solids.  The  other  solids,  however,  combine  with  water  to  form 
their  components  and  do  exist  in  significant  quantities.  After  NaCl,  Home  (1969)  states, 
magnesium  sulfur  oxide  (MgSO^)  occurs  in  the  next  highest  concentration  in  sea  water.  While 
NaCl  is  a  strong  electrolyte,  MgSO^  is  a  weak  one.  MgS04  effectively  reduces  the  overall 
conductivity  of  sea  water  and  helps  explain  why  the  man-made  3. 5 -percent  salt  water  was  so 
much  more  conductive  and  bubble-producing  than  was  the  sea  water. 

Pulsing  of  the  electrodes  resulted  in  bubble  formation  delayed  to  higher  voltages,  which 
introduces  unsteady  effects  regarding:  (1)  the  accumulation  of  gas  to  form  a  bubble  and  (2)  the 
variation  of  conductivity  due  to  the  pulsing.  Finite  times  are  required  to  establish  the  reactions  to 
form  hydrogen  and  chlorine  gas.  The  gas  must  accumulate  to  form  a  bubble.  As  voltage 
increases,  increased  localized  reactions  occur  providing  a  mechanism  to  accumulate  enough  gas  in 
the  form  of  a  bubble.  Pulsing  delays  this  mechanism  and  allows  the  hydrogen  gas  in  solution  to  be 
transported  away  (either  from  velocity  of  the  fluid  or  buoyancy  effects)  before  a  gas  bubble  can 
form.  Pulsing  at  higher  frequencies  delays  this  mechanism  to  higher  voltages.  Current  results 
showed  that  as  the  duty  cycle  was  decreased  from  50  percent  to  25  percent,  bubble-threshold 
voltage  increased.  RMS  voltage,  however,  did  not  completely  explain  this  phenomenon.  It  is 
possible  that  the  ion  mobility  constant  and  the  transient  in  solution  conductivity  may  have  had 
some  effect. 

Others  have  shown  that  pulsing  of  the  current  can  temporally  alter  the  local  conductivity  of 
the  solutions  examined.  Lin  et  al  (1991)  injected  acid  into  a  solution  to  locally  increase 
conductivity  of  the  sea  water  and  thus  increased  the  magnitude  of  the  Lorentz  force.  They  pulse- 
injected  the  acid,  and  the  duration  of  the  pulse  lasted  0.3  second.  They  measured  the  solution 
conductivity  as  a  function  of  time  and  noted  a  transient  peak  in  the  solution  conductivity. 

Although  the  pulse  lasted  0.3  second,  the  conductivity  of  the  fluid  increased  to  over  0.5  second 
even  though  the  conducting  medium  was  transported  away.  These  results  suggest  that  the  present 
pulsed  current  experiments  may  have  temporally  affected  the  conductivity  of  the  fluid.  The 
medium  required  a  finite  time  to  establish  a  current  path  from  the  anode  to  cathode  and  may  be 
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referred  to  as  an  ion  mobility  constant.  This  finite  time  arises  from  the  requirement  that  the  water 
and  ions  align  themselves  appropriately.  As  the  pulsing  frequency  increases,'  the  ion  mobility 
constant  may  be  approached,  suggesting  that  for  high  enough  frequencies,  no  current  path  will  be 
established.  This  hypothesis  may  be  tested  in  future  tests. 

It  was  clearly  demonstrated  that  immersion  of  an  activated  hot-film  probe  in  a  wake  of 
electrolytic  bubbles  resulted  in  bubble  accumulations  on  the  surface  of  the  film.  When  this  bubble 
accumulation  occurred,  the  frequency  response  of  the  hot-film  probe  was  significantly  diminished. 
The  heat-transfer  coefficient  of  a  gas  is  significantly  less  than  that  of  liquid  water;  consequently, 
there  is  little  heat  transfer  to  the  water  because  the  gas  bubbles  act  as  a  thermal  insulator.  Since 
the  voltage  is  related  to  the  heat  transfer  and  then  to  the  fluid  velocity  (via  King's  Law),  the 
bubbles  effectively  insulate  the  hot-film  and  velocity  fluctuations  cannot  be  measured.  When  the 
bubbly  wake  was  displaced  away  fi-om  the  hot-film,  no  bubbles  accumulated  on  the  surface.  This 
result  demonstrates  that  the  electromagnetic  field  produced  by  the  MHD  element  has  no  causal 
effect  on  the  bubble  formation  on  the  surface  of  the  hot-film.  Even  for  steady-state  voltages  as 
high  as  30  V  (where  a  great  deal  of  bubbles  were  produced),  no  bubbles  formed  as  long  as  the 
bubbly  wake  was  deflected  away  from  the  hot-film.  This  finding  has  important  implications  in 
terms  of  possible  flow  measurement  limitations.  If  the  hot-film  probe  is  placed  away  from  a 
bubbly  wake  or  if  bubbles  are  eliminated,  data  from  the  hot-film  should  remain  valid. 

Flow  velocity  had  a  significant  effect  on  bubble  size.  This  flow  velocity  factor  introduces 
three  contributing  factors  to  bubble  formation  and  size:  surface  tension,  the  actual  drag  force  on 
the  bubbles  due  to  the  local  flow  velocity,  and  the  buoyant  force.  The  buoyant  force  is  given 
simply  as 

Fb  =  pVg,  (1) 


where  p  is  the  density  of  the  water,  V  is  the  volume  of  the  bubble  (=  AITiiia  where  a  is  the  bubble 
radius  and  assuming  a  perfect  sphere)  and  g  is  the  gravitational  force.  The  drag  on  the  sphere  was 
computed  by  Stokes  (see  Batchelor,  1967)  assuming  low  Reynolds  number  flows.  The  drag  force 
is  given  as 

Fci=6'!t/jUa  (2) 


where  U  is  the  fluid  velocity  and  ju  is  the  coefficient  of  viscosity.  Finally,  a  full  derivation 
summarizing  the  effects  of  surface  tension  is  too  lengthy  to  present  here.  A  full  summary  is 
provided  by  Batchelor  (1967)  and  describes  the  relationship  between  the  pressure  difference 
across  the  bubble  and  the  energy  required  to  maintain  a  bubble  interface.  This  relationship  is 
expressed  as 

Ap  =  ji\/R,+  l/R^)  (3) 
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where  the  surface  tension  coefficient,  A/?  is  the  pressure  jump  across  the  interface,  and  and 
are  the  principal  radii  of  curvature.  For  the  case  where  the  bubble  interacts  with  a  solid 
surface,  one  of  the  principal  radii  of  curvature  becomes  zero  and,  therefore, 

Ap  =  ylR  (4) 


Therefore,  the  size  of  the  bubble  depends  on  the  pressure  difference  across  the  surface  of  the 
bubble.  Integration  over  the  surface  of  the  bubble  gives  the  actual  force  required  to  maintain  the 
surface  of  the  bubble.  The  surface  tension  creates  a  force  causing  it  to  “stick”  to  the  solid  surface. 
This  force  must  be  balanced  by  the  drag  force  and  buoyant  force  and  governs  the  size  of  the 
bubble.  Using  the  no-flow  case  (where  only  buoyancy  effects  are  considered),  bubble  size  is  302 
microns.  Therefore,  the  buoyant  and  surface  tension  forces  should  be  balanced;  the  surface- 
tension  force  is 

Fs  =  Fb  =  1.16  X  10'^  N. 


For  the  case  in  which  the  flow  setting  was  20,  the  fluid  velocity  was  approximately  0. 1  m/sec,  and 
the  bubble  size  was  206  microns.  From  equations  (1)  and  (2), 

Fb  =  0.35S  X  lO^N (vertical  direction),  and 

Fd=  0.680  X  10  ^  N  (horizontal). 


Therefore,  the  magnitude  of  the  surface-tension  force  is  Fs  =  0.769  x  10  ^  N. 

As  a  cross-flow  velocity  was  introduced,  an  additional  drag  force  on  the  bubble  was 
introduced.  For  faster  flow  velocities,  smaller  bubbles  remained  on  the  surface  of  the  hot-film. 

For  the  slower  cross-flow  velocities,  very  small  bubbles  on  the  order  of  70  microns  formed  and 
seemed  to  persist.  Although  these  bubbles  were  small  compared  with  the  surface  of  the  hot-film, 
more  formed  on  the  surface,  which  resulted  in  a  loss  of  frequency  response.  The  loss  of 
fi'equency  response  for  the  smaller  bubbles  was  not,  however,  as  great  as  the  loss  for  the  larger 
bubbles.  The  addition  of  a  cross-flow  velocity  had  greater  effect  on  bubble  size  than  did  the 
presence  of  the  buoyant  force  alone.  It  appeared  that  for  the  position-3  setup,  the  bubble  size  in 
the  wake  was  initially  considerably  smaller  than  that  in  position  1  where  the  bubbles  become  large 
and  are  then  deflected  by  the  cross-flow.  Consequently,  there  was  considerable  difference  in  the 
bubbles  seen  for  position  1  (straight  cross-flow  jet)  and  position  3  (perpendicular  jet).  The 
bubbles  seen  in  position  3  were  considerably  smaller  as  a  result  of  the  initially  smaller  bubble  size. 
For  the  highest  jet  velocity,  very  small  bubbles,  on  the  order  of  10  microns,  formed  on  the  surface. 
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There  remains  a  question  as  to  why  bubbles  form  on  the  hot-film  probe  itself  If  the  original 
effect  was  surface  tension  alone,  bubbles  would  form  whether  or  not  the  probe  was  turned  on.  It 
was  observed  that  bubbles  formed  only  when  the  hot-film  was  turned  on.  When  the  hot-film  was 
turned  off,  bubbles  remaining  on  the  surface  were  knocked  off  and  no  additional  bubbles 
accumulated  on  the  surface.  It  was  shown  that  the  electromagnetic  fields  produced  by  the  MHD 
element  had  no  effect  on  bubble  formation.  The  only  remaining  effect  is,  therefore,  the  increased 
temperature  of  the  hot-film  itself  The  ambient  temperature  or  the  conducting  fluid  was 
approximately  22  C.  The  operating  temperature  of  the  hot-film  was  approximately  65°C.  The 
hot-film  operated  at  a  constant  temperature  (resistance).  As  a  fluid  flowed  over  the  hot-film,  the 
physical  reaction  of  the  film  was  to  cool  down.  A  feedback  circuit  provided  added  current  to  heat 
the  film  to  maintain  a  constant  65  C  temperature.  Because  the  operating  temperature  of  the  hot- 
film  is  significantly  greater  than  the  ambient  temperature  of  the  fluid,  a  localized  temperature 
gradient  is  formed  proximal  to  the  hot-film.  It  is  possible  that  these  localized  temperature 
gradients  cause  the  gas  to  come  out  of  solution  and  accumulate  on  the  surface  of  the  hot-film. 
Additional  tests  should  be  conducted  to  confirm  or  deny  this  hypothesis. 


23/24 
Reverse  Blank 


5.  CONCLUSIONS 


Experiments  were  conducted  to  determine  the  mechanisms  of  bubble  production  by  MHD 
electrodes  and  to  gauge  the  effects  of  bubbles  on  the  frequency  response  of  hot-film  probes. 
Closeup  video  photography  (approximately  150x  magnification)  was  used  as  visual  quantifier  to 
gauge  bubble-threshold  formation.  These  data  demonstrate  consistent  trends  in  bubble  formation 
and  the  responsible  physical  mechanisms.  Four  different  conducting  solutions  were  examined. 
Effects  of  bubble  formation  were  then  demonstrated  as  they  accumulated  on  the  surface  of  the 
hot-film  probe.  A  jet  provided  a  localized  velocity  component  to  advect  the  bubbles  over  the 
hot-film  or  prevent  them  from  advecting  over  the  probe.  Bubble  size  and  characteristics  were 
then  examined  when  the  jet  was  placed  in  various  positions  and  set  to  different  velocities. 

Bubble-threshold  formation  voltages  were  found  to  increase  logarithmically  with  pulsing 
frequency  for  all  solutions  examined.  Threshold  voltages  were  found  to  vary  according  to  the 
duty  cycle.  Threshold  voltages  were  higher  for  25-percent  duty  cycle  than  for  the  50-percent  duty 
cycle.  Effect  of  RMS  voltage  was  found  to  offer  some,  but  not  all,  explanation  for  this  result. 
Pulsing  of  the  MHD  electrodes  may  have  produced  a  transient  effect  in  terms  of  the  conductivity 
of  the  solution.  There  were  significant  differences  in  bubble-formation  voltage  over  the  various 
solutions.  A  3.5-percent  salt  water  solution  was  found  to  produce  the  lowest  threshold  voltages. 
This  finding  is  consistent  with  it  having  the  greatest  electrical  conductivity.  Sea  water 
demonstrated  consistently  higher  bubble-threshold  voltages.  Even  though  the  total  solids  of  sea 
water  (3.319  percent)  and  the  3.5-percent  saltwater  were  found  to  be  close,  chemical  composition 
of  the  sea  water  was  suggested  to  offer  an  explanation  for  the  differences  in  bubble-threshold 
voltages.  The  1.5-percent  NaCl  and  0.4-percent  NaOH  solutions  demonstrated  similar  results  in 
terms  of  bubble-threshold  voltage  probably  because  of  the  similar  electrical  conductivity. 

Bubbles  were  found  to  form  on  the  surface  of  the  hot-film  only  when  it  was  immersed  in  the 
bubble  wake  produced  by  the  MHD  electrodes.  When  bubbles  formed  on  the  surface,  the 
frequency  response  of  the  hot-film  probe  was  greatly  diminished  as  a  result  of  the  different  heat 
transfer  coefficients  between  the  gas  bubbles  and  the  water  solution.  Increases  in  the  localized  jet 
velocity  resulted  in  the  formation  of  smaller  bubbles  on  the  film  surface.  A  balance  between 
surface  tension  and  drag  on  the  bubble  was  reached  and  governed  the  maximum  bubble  size  to 
form  on  the  hot-film.  It  is  important  to  note  that  bubbles  were  not  formed  on  the  surface  when 
the  bubbly  wake  was  deflected  away  from  the  hot-film.  This  observation  suggests  little  to  no 
effect  of  the  electromagnetic  field  produced  by  the  MHD  element  on  bubble  formation.  These 
results  demonstrate  the  limitation  and  applicability  of  hot-film  results  when  investigating  effects  of 
the  application  of  the  MHD  Lorentz  force  on  possible  reduction  in  skin  friction. 

Several  hypotheses  about  bubble  production  and  bubble  formation  on  the  surface  of  the  hot- 
film  probe  were  discussed;  (1)  temporal  variation  of  solution  conductivity  due  to  current  pulsing, 
(2)  optimal  salt  concentrations,  (3)  optimal  pulsing  frequencies,  and  (4)  the  effect  of  localized 
temperature  gradients  on  bubble  accumulation  on  a  surface.  More  research  to  better  characterize 
the  mechanisms  of  bubble  formation  and  accumulation  on  various  surfaces  is  recommended. 
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